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Results and Discussion {#sec1}
======================

To shed light on the regulation of mitochondrial transport in aging neurons, we exploited a tractable system for imaging of axonal transport in an adult animal: the sensory neurons of the translucent *Drosophila* wing \[[@bib5], [@bib8], [@bib9]\] ([Figure 1](#fig1){ref-type="fig"}A). We previously showed that the number of actively transported mitochondria in wing neuron axons is ∼5-fold lower at 30 days after eclosion from the pupal case (operationally defined as "aged" flies) than at 2 days after eclosion ("young" flies) \[[@bib5]\] ([Figure S1](#mmc1){ref-type="supplementary-material"}A). The decline in mitochondrial transport begins in the first week of adult life \[[@bib5]\] and reflects reduced anterograde and retrograde movements ([Figure S1](#mmc1){ref-type="supplementary-material"}B), equating to transport toward microtubule plus ends and minus ends, respectively \[[@bib5]\]. The number of mitochondria in axonal tracts does not change during aging, demonstrating that a larger fraction of mitochondria becomes stationary over time \[[@bib5]\].Figure 1cAMP Boosts Mitochondrial Transport in Wing Neurons of Aged Flies(A) Cartoon of the *Drosophila* wing. Green: sensory neurons used in this study. Magenta box: region imaged for transport studies, which contains bundled axons from several neurons.(B) Top: stills from movies of GFP-labeled mitochondria in wing neuron axons of 30-day-old flies ("aged" flies) expressing *UAS-luciferase (luc)*^*RNAi*^ (control) or *UAS-dnc*^*RNAi*^. Bottom: traces of transported mitochondria in corresponding movies.(C) Number of transported and total mitochondria per 50 μm of axonal tract in wings of aged flies. In these and other experiments, each wing was filmed for 3 min.(D) Overview of 8-Br-cAMP feeding experiments. Green square: period of feeding. Microscope icon: visualization of mitochondrial transport.(E) Top: stills from movies of GFP-labeled mitochondria in wing neuron axons of flies 32 days after eclosion following 4 days of feeding with vehicle or 8-Br-cAMP. Bottom: traces of transported mitochondria in corresponding movies.(F and G) Number of transported and total mitochondria per 50 μm of axonal tract of wing neurons in aged (F) and young (G) flies after 4 days of feeding with vehicle or 8-Br-cAMP.(H) Percentage of axonal segments of wing neurons in 5-week-old flies that contained focal accumulation of GFP after feeding throughout adulthood with vehicle or 8-Br-cAMP.*dpr-Gal4* is expressed in the chemosensory neurons of the wing. Statistical significance was evaluated with a Mann-Whitney U test (C, F, and G) or two-tailed Student's t test (H). ^∗^p \< 0.05. Magenta circles are values for individual wings, except in (H), where they are values from individual Z projections from 13 wings per genotype; error bars are SEM. Scale bars, 5 μm. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}, [Movies S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}, and [Table S1](#mmc1){ref-type="supplementary-material"}.

Signaling pathways that increase lifespan are attractive candidates for exploring the regulation of axonal transport during aging \[[@bib6], [@bib10]\]. Cyclic AMP (cAMP) is an important second messenger in intracellular signaling, and elevation of its concentration can extend lifespan in *Drosophila* and mice \[[@bib11], [@bib12]\]. We therefore investigated whether cAMP influences axonal transport of mitochondria in aged flies.

We first targeted the cAMP phosphodiesterase Dunce (Dnc) in wing neurons using an RNA interference (RNAi) construct under the control of the Gal4-UAS system. Downregulation of Dnc increases the concentration of cAMP by inhibiting conversion to AMP \[[@bib13]\]. To visualize mitochondria, we co-expressed GFP targeted to the mitochondrial matrix (mito::GFP). In aged flies, the number of transported mitochondria in axons of *dnc* RNAi neurons was ∼4-fold higher than in neurons expressing a control RNAi construct ([Figures 1](#fig1){ref-type="fig"}B and 1C; [Movie S1](#mmc2){ref-type="supplementary-material"}). RNAi of *dnc* increased transport in both the anterograde and retrograde directions ([Figure S1](#mmc1){ref-type="supplementary-material"}C) without altering the number of mitochondria in the axonal tract ([Figure 1](#fig1){ref-type="fig"}C). Thus, prolonged inhibition of cAMP turnover in wing neurons of aged flies increases mitochondrial transport by mobilizing a fraction of stationary mitochondria.

Aging is characterized by a functional decline at the cellular and organismal level. A key question in aging research is to what extent prolonged reduction of cellular functions can be rescued by an acute intervention in later life \[[@bib14]\]. We therefore asked whether an acute increase in cAMP can boost mitochondrial transport in aged flies. 28-day-old flies were fed with 100 μM 8-Br-cAMP (a hydrolysis-resistant cAMP analog) for 4 days prior to visualization of mitochondrial motility in wing neuron axons ([Figure 1](#fig1){ref-type="fig"}D). The number of motile mitochondria was significantly higher in flies fed with 8-Br-cAMP than in vehicle-fed controls ([Figures 1](#fig1){ref-type="fig"}E and 1F; [Movie S2](#mmc3){ref-type="supplementary-material"}). Again, the increase in motility was evident in both the anterograde and retrograde directions ([Figure S1](#mmc1){ref-type="supplementary-material"}D), with no change in the number of mitochondria in the axonal tract ([Figures 1](#fig1){ref-type="fig"}F). The number of transported mitochondria in wing neurons of aged flies fed with 8-Br-cAMP was not significantly different from that observed in flies fed with the vehicle control for the first 4 days of adulthood ([Figures 1](#fig1){ref-type="fig"}F and 1G). Interestingly, feeding flies with 8-Br-cAMP for the first 4 days of adult life ([Figure 1](#fig1){ref-type="fig"}D) did not alter the number of motile mitochondria compared to the age-matched controls fed with vehicle ([Figure 1](#fig1){ref-type="fig"}G). These results demonstrate that acute supply of cAMP can increase mitochondrial motility in aged but not young flies.

We next investigated whether elevating cAMP levels has broader effects on wing neurons of aged flies. Sustained feeding with 8-Br-cAMP reduced the appearance of focal accumulations of GFP ([Figure 1](#fig1){ref-type="fig"}H), indicative of improved protein homeostasis \[[@bib5]\]. 8-Br-cAMP treatment also reduced the signal from an oxidative stress sensor ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Although the cAMP analog is likely to affect many processes in wing neurons of aged flies, these results are consistent with previous evidence that mitochondrial transport has a protective role in adult neurons of *Drosophila* \[[@bib5], [@bib8], [@bib15]\], *C. elegans* \[[@bib6], [@bib16]\], and mice \[[@bib17]\].

Several studies have reported that cAMP concentration modulates mitochondrial transport in cultured mammalian cells \[[@bib18], [@bib19], [@bib20]\], although the underlying mechanisms have not been resolved. A key cellular role of cAMP is activation of the catalytic subunit of protein kinase A (PKAc) by triggering dissociation of the regulatory subunit. We investigated whether cAMP-mediated stimulation of mitochondrial transport in wing neurons involves PKA by expressing a constitutively active mouse PKAc (PKA^∗^) from a heat-shock-responsive promoter (*hs-PKA^∗^*) ([Figure 2](#fig2){ref-type="fig"}A; [Figure S2](#mmc1){ref-type="supplementary-material"}C). The induction of PKA^∗^ in aged flies significantly increased the number of transported mitochondria compared to controls that lacked the transgene but were subjected to the same heat-shock regime ([Figures 2](#fig2){ref-type="fig"}B and 2C; [Movie S3](#mmc4){ref-type="supplementary-material"}). This effect was associated with more frequent retrograde and anterograde movements ([Figure S1](#mmc1){ref-type="supplementary-material"}E) and no change in the number of mitochondria in the axonal tract ([Figures 2](#fig2){ref-type="fig"}B and 2C). In contrast, expressing PKA^∗^ in young flies ([Figure 2](#fig2){ref-type="fig"}A) did not alter the number of transported mitochondria ([Figure 2](#fig2){ref-type="fig"}D). The outcomes of PKA^∗^ expression in young and aged flies were very similar to those observed after feeding with 8-Br-cAMP, indicating that cAMP-mediated stimulation of mitochondrial transport in aged flies involves PKA.Figure 2PKA-Induced Upregulation of Mitochondrial Transport in Wing Neurons of Aged Flies(A) Overview of the procedure for heat-shock (hs)-mediated induction of PKA^∗^. Green square: period of heat shock. Microscope icon: visualization of mitochondrial transport.(B) Top: stills from movies of GFP-labeled mitochondria in wing neuron axons of aged control and *hs-PKA^∗^* flies that have been subjected to heat shock. Bottom: traces of transported mitochondria in corresponding movies.(C and D) Number of transported and total mitochondria per 50 μm of axonal tract of wing neurons in aged (C) and young (D) control or *hs-PKA^∗^* flies subjected to heat shock.(E) Number of transported and total mitochondria per 50 μm of axonal tract of wing neurons of 2-day-old flies with expression of *UAS-luciferase*^*RNAi*^ or two independent *UAS-Pka-C1*^*RNAi*^ constructs.*appl-Gal4* marks both the mechanosensory and chemosensory neurons in the wing nerve. Statistical significance was evaluated with a Mann-Whitney U test (C and D) or a one-way ANOVA with Dunnett's multiple comparison (E). ^∗^p \< 0.05, ^∗∗^p \< 0.01. Magenta circles are values for individual wings; error bars are SEM. Scale bar, 5 μm. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}, [Movie S3](#mmc4){ref-type="supplementary-material"}, and [Table S1](#mmc1){ref-type="supplementary-material"}.

We assessed the role of endogenous PKA during mitochondrial transport in wing neurons by targeting *Pka-C1* mRNA, which encodes the major catalytic PKA subunit in *Drosophila* (PKAc). Two different *Pka-C1* RNAi constructs reduced the number of transported mitochondria in young flies without altering mitochondrial number in the axonal tract ([Figure 2](#fig2){ref-type="fig"}E; [Figure S1](#mmc1){ref-type="supplementary-material"}F). These experiments demonstrate that endogenous PKA activity promotes axonal transport of mitochondria. However, levels of PKA activation must not be limiting in young flies, because mitochondrial transport was insensitive to experimental elevation of cAMP or PKA^∗^.

We next asked whether cAMP/PKA pathway activity could become limiting for transport in aged flies because of declining levels of cAMP or PKAc. Adult wings were used as a source of cell extracts for these experiments, because wing neurons constitute a large fraction of the living material in this sclerotized tissue \[[@bib5], [@bib21]\]. Whereas the concentration of cAMP in the wings of aged flies did not decline compared to those of young flies ([Figure 3](#fig3){ref-type="fig"}A), the level of PKAc did ([Figure 3](#fig3){ref-type="fig"}B). The reduction in PKAc level was not associated with a general decrease in protein abundance in aged flies ([Figure 3](#fig3){ref-type="fig"}B; [Figure S2](#mmc1){ref-type="supplementary-material"}D). The level of *Pka-C1* mRNA in wings was not lower in aged flies compared to young flies ([Figure S2](#mmc1){ref-type="supplementary-material"}E), indicating that the decline in PKAc abundance is due to altered synthesis or turnover of the protein. Although we cannot rule out other mechanisms, a reduction in PKAc protein levels could explain why cAMP/PKA pathway activity is limiting for mitochondrial transport in aged flies. Presumably, increasing cAMP levels compensate for the reduction in PKAc concentration in aged neurons by activating the protein that is available.Figure 3Overexpression of Activated PKAc in Aged Flies Upregulates Khc Protein and mRNA(A) cAMP levels in wings of young (day 2) and aged (day 30) wild-type flies assessed by ELISA. Magenta circles are values per milliliter of extract (technical replicates from two independent experiments).(B) Representative immunoblot for PKAc and mitochondrial complex-Vα (Vα) using wing extracts of young (day 2) and aged (day 30) wild-type flies. Vα signal indicates no global decline in protein levels during aging. Charts show quantification of normalized PKAc signal from three independent experiments.(C) Percentage of DCVs that are transported in the axonal tract of wing neurons in heat-shocked control or *hs-PKA^∗^* flies. Magenta circles are values for individual wings. DCVs were marked with rat prepro-atrial natriuretic factor peptide fused to the fluorescent protein Emerald (ANF::EMD).(D) Representative immunoblot for Khc and Vα using wing extracts of young (day 2) and aged (day 30) wild-type flies. Chart shows quantification of normalized Khc signal from four independent experiments.(E) Representative immunoblots for Khc using wing extracts of 32-day-old control or *hs-PKA^∗^* flies following 4-day heat shock. Chart shows quantification of normalized Khc signal from three independent experiments.(F) SYPRO Ruby-stained gel of wing extracts of 32-day-old heat-shocked control or *hs-PKA^∗^* used in (E). Circles and arrowheads indicate, respectively, abundant proteins that are or are not responsive to PKA^∗^.(G) Reverse-transcription digital droplet-PCR (RT-ddPCR) analysis of the relative abundance of mRNAs in wings of control and *hs-PKA^∗^* 31-day-old flies subjected to heat shock for the preceding 24 hr. Magenta circles are values from individual technical replicates from two independent reverse-transcription reactions per genotype. Rp49 has been used as a "housekeeping" gene in RT-PCR experiments with wings \[[@bib22]\]. *Rap2L*, *14-3-3*, and *eIF-1A* mRNAs were previously detected in RT-PCR experiments in *Drosophila* heads \[[@bib23]\]. Sgg/Gsk3β upregulates anterograde mitochondrial motility in mammalian neurons \[[@bib20]\].(H) RT-ddPCR analysis of the relative abundance of *Khc* mRNA in wings of 32-day-old control and *hs-dCREB2-b* flies following 4 days of heat shock. Magenta circles are values from individual technical replicates.Statistical significance was evaluated with the Mann-Whitney U test. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. Error bars are SEM. See also [Figure S2](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc1){ref-type="supplementary-material"}.

We then explored how experimental elevation of cAMP/PKA upregulates mitochondrial transport in aging wing neurons. To test whether increased movement of mitochondria reflects a general increase in cargo transport, we monitored the transport of fluorescently labeled dense-core vesicles (DCVs) after heat-shock-mediated induction of PKA^∗^. In contrast to what was observed for mitochondria, expression of PKA^∗^ in aged flies did not increase the frequency of DCV transport compared to heat-shocked controls ([Figure 3](#fig3){ref-type="fig"}C; [Figures S2](#mmc1){ref-type="supplementary-material"}F and S2G). Although effects on motility of other cargoes remain to be tested, this experiment demonstrates that not all microtubule-based transport is elevated by PKA^∗^ expression. The selective effect of PKA^∗^ overexpression on transport of mitochondria and DCVs is consistent with these cargoes being differentially affected during aging, with DCVs only exhibiting a small reduction in motility during the first 30 days of adult life \[[@bib5]\] ([Figure S2](#mmc1){ref-type="supplementary-material"}H).

Although mitochondria and DCVs both use dynein for retrograde axonal transport in *Drosophila* neurons \[[@bib5], [@bib24], [@bib25]\], they differ in the identity of the motors primarily used for anterograde motion. Anterograde movement of mitochondria is driven by kinesin-1 \[[@bib5], [@bib24]\], whereas DCVs use kinesin-3/Unc104 \[[@bib25]\]. We therefore asked whether the sensitivity of mitochondria to normal aging and the experimental elevation of PKA activity could be related to their reliance on kinesin-1.

We observed a reduction in the level of the Kinesin-1 motor subunit (Kinesin-1 heavy chain, Khc) in wings of aged flies compared to wings of young flies ([Figure 3](#fig3){ref-type="fig"}D). This reduction must be due to altered synthesis or turnover of the protein, as *Khc* mRNA abundance did not decline with age ([Figure S2](#mmc1){ref-type="supplementary-material"}E). These findings raised the possibility that reduced Khc abundance contributes to the decline in mitochondrial transport in aged flies. Limiting levels of Khc could in principle account for the age-related reduction in retrograde and anterograde motion because the activity of dynein in this system depends on kinesin-1 \[[@bib5]\], as is the case elsewhere \[[@bib26]\].

Next, we asked whether the level of Khc is altered by experimental activation of the cAMP/PKA pathway in aged flies. We observed a strong increase in Khc protein abundance in wing extracts of aged animals following heat-shock-mediated induction of PKA^∗^ ([Figure 3](#fig3){ref-type="fig"}E). Gel-based analysis of protein extracts revealed that several abundant proteins were also upregulated by PKA^∗^ expression, although the levels of other abundant proteins did not increase ([Figure 3](#fig3){ref-type="fig"}F). Thus, Khc is one of a number of proteins upregulated by cAMP/PKA pathway activation in aged flies.

cAMP/PKA pathway activation increases levels of *Khc* mRNA in *Aplysia* neurons \[[@bib27]\]. We therefore monitored *Khc* mRNA abundance in wings of aged flies with heat-shock-mediated induction of PKA^∗^ or with heat-shock treatment alone. There was an ∼6.5-fold increase in the amount of *Khc* transcript in response to PKA^∗^ expression, whereas the level of the mRNA encoding a "housekeeping" protein (ribosomal protein 49, Rp49) did not change ([Figure 3](#fig3){ref-type="fig"}G). *Khc* mRNA, but not *Rp49* mRNA, was also upregulated by acute supply of 8-Br-cAMP to aged flies ([Figure S2](#mmc1){ref-type="supplementary-material"}I). Thus, unlike the decline in Khc protein levels during aging, the increase in Khc protein levels upon experimental activation of cAMP/PKA is associated with changes in mRNA abundance. The best-characterized mechanism for PKA-mediated gene expression involves the cAMP response element-binding protein (CREB) transcription factor. CREB activity is stimulated by phosphorylation, which can be mediated by multiple kinases, including PKA \[[@bib28]\]. The abundance of *Khc* mRNA in aged flies was decreased by heat-shock-mediated induction of a dominant-negative CREB transgene (*hs-dCREB2-*b; [Figure 3](#fig3){ref-type="fig"}H). By providing evidence that the *Khc* gene is responsive to CREB, these data suggest a mechanism for upregulation of *Khc* mRNA upon experimental activation of PKA in aged flies.

Khc is linked to mitochondria by the concerted action of two proteins, Milton and Miro \[[@bib1]\]. The level of *Milton* mRNA in aged wings was not affected by PKA^∗^, whereas the level of *Miro* RNA was increased by 1.7-fold ([Figure 3](#fig3){ref-type="fig"}G). Thus, of the mRNAs encoding components of the anterograde mitochondrial transport complex, the one encoding *Khc* is most responsive to cAMP/PKA pathway activation. The level of *Pka-C1* mRNA was also upregulated by PKA^∗^ ([Figure 3](#fig3){ref-type="fig"}G), consistent with the ability of PKAc to stimulate its own expression in mammalian cells \[[@bib29]\]. Several other mRNAs tested also increased in abundance in response to PKA^∗^, although the response was weaker than observed for *Khc* mRNA ([Figure 3](#fig3){ref-type="fig"}G). These results are consistent with the widespread transcriptional changes induced by PKA in mammalian cells \[[@bib30], [@bib31]\].

Our finding that many mRNAs are upregulated by PKA activation in aging wings raised the question of whether the increased abundance of Khc plays a significant role in boosting mitochondrial transport. We therefore asked whether Khc overexpression is sufficient to boost mitochondrial motility in wing neurons of aged flies. For these experiments, we used a *Drosophila Khc* genomic rescue construct (*P\[Khc*^*+*^*\]*) to increase Khc protein levels ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Khc Overexpression Is Sufficient to Increase Mitochondrial Transport in Aged Flies(A) Representative immunoblots for Khc and Vα using wing extracts of 30-day-old wild-type or *P\[Khc*^*+*^*\]* flies. Chart shows quantification of normalized Khc signal from three independent experiments.(B) Top: stills from movies of GFP-labeled mitochondria in wing neuron axons of aged (day 30) control and *P\[Khc*^*+*^*\]* flies. Bottom: traces of transported mitochondria in corresponding movies. Scale bar, 5 μm.(C and D) Number of transported and total mitochondria per 50 μm of axonal tract of wing neurons in 30-day-old (C) and 2-day-old (D) control and *P\[Khc*^*+*^*\]* flies.Statistical significance was evaluated with the Mann-Whitney U test. ^∗∗^p \< 0.01. Magenta squares: values for individual wings. Error bars are SEM. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}, [Movie S4](#mmc5){ref-type="supplementary-material"}, and [Table S1](#mmc1){ref-type="supplementary-material"}.

*P\[Khc*^*+*^*\]* increased the number of mitochondrial movements in aged flies by 2.1-fold without altering the number of mitochondria in the axonal tract ([Figures 4](#fig4){ref-type="fig"}B and 4C; [Movie S4](#mmc5){ref-type="supplementary-material"}). The boost in transport was associated with an increase in both retrograde and anterograde movements ([Figure S1](#mmc1){ref-type="supplementary-material"}G), again consistent with the tightly coupled activities of dynein and kinesin-1 in this system. Khc overexpression did not strongly affect the length and velocity of mitochondrial movements, as was also the case following manipulation of the cAMP/PKA pathway ([Table S1](#mmc1){ref-type="supplementary-material"}). Thus, both types of intervention predominantly affect the initiation of transport. *P\[Khc*^*+*^*\]* also reduced the signal from an oxidative stress sensor in wing neurons of aged flies ([Figure S3](#mmc1){ref-type="supplementary-material"}). This finding is consistent with protective effects of mitochondrial transport in this system \[[@bib5]\], although elevated transport of other kinesin-1 cargoes could also contribute to this phenotype. It will be important in the future to understand the specific contribution of upregulated mitochondrial motility to energy metabolism in the wing nerve.

The frequency of mitochondrial transport in wing neurons of young flies was not increased by *P\[Khc*^*+*^*\]* ([Figure 4](#fig4){ref-type="fig"}D). The finding that kinesin-1 activity was not limiting at this stage is consistent with the endogenous level of Khc protein being higher than in aged flies ([Figure 3](#fig3){ref-type="fig"}D). Although we cannot rule out additional influences of activated PKA, such as direct phosphorylation of proteins that affect mitochondrial dynamics \[[@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37]\], our data indicate that Khc upregulation is a key functional output of experimental activation of PKA in the context of mitochondrial transport in aged neurons.

Perspective {#sec1.1}
-----------

Reduced axonal transport of mitochondria has been implicated in the pathogenesis of several age-related neurodegenerative diseases \[[@bib38], [@bib39]\]. It has therefore been proposed that stimulating mitochondrial transport could be of therapeutic benefit, potentially in combination with agents that target other cellular processes \[[@bib38], [@bib39], [@bib40], [@bib41]\]. However, it was not clear to what extent a chronic decline in mitochondrial motility can be reversed. We find that feeding aged *Drosophila* with a small-molecule agonist of PKA is sufficient to ameliorate a decline in mitochondrial transport that begins in the first few days of adult life.

We provide evidence that the stimulation of transport upon cAMP/PKA pathway activation is associated with upregulation of the kinesin-1 motor subunit, which counteracts the reduction in levels of this protein that occurs during aging. The observation that cytosolic levels of the Khc ortholog decline in brains of aging monkeys \[[@bib42]\] suggests that the regulatory processes we have uncovered in *Drosophila* could be of relevance in mammalian systems. Recent studies in mammalian neurons have shown that a progressive decrease in mitochondrial motility promotes developmental maturation of neurons \[[@bib43], [@bib44], [@bib45]\]. It is tempting to speculate that whereas this attenuation of mitochondrial transport plays a positive role in early life, it becomes detrimental during aging when the functional demands of neurons change or stresses increase.

STAR★Methods {#sec2}
============

Key Resources Table {#sec2.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**rabbit anti-Kinesin-1 heavy chainCytoskeleton Inc.Cat\# AKIN01-B; RRID:[AB_10707921](nif-antibody:AB_10707921){#intref0010}mouse anti-Complex-VαThermo Fisher ScientificCat\# 43-9800; RRID: [AB_2533548](nif-antibody:AB_2533548){#intref0015}mouse anti-PKAcSanta Cruz BiotechnologyCat\# sc-28315; RRID:[AB_628136](nif-antibody:AB_628136){#intref0020}rabbit anti-*Drosophila* PKAc (DC0)Columbia University \[[@bib46]\]Produced and characterized by Daniel Kalderon**Chemicals, Peptides, and Recombinant Proteins**8-Br-cAMPSanta Cruz BiotechnologyCat\# sc-201564PhosSTOP Phosphatase InhibitorSigma-AldrichCat\# 4906837001cOmplete Protease InhibitorSigma-AldrichCat\# 11836170001DTTSigma-AldrichCat\# 10197777001LDS sample bufferThermoFisherCat\# NP0008SYPRO RubyLonzaCat\# 50562iScript Select cDNA synthesis kitBio-RadCat\# 1708896EvaGreen SupermixBio-RadCat\# 1864034Droplet Generator OilBio-RadCat\# 1864005RNase-free DNase SetQIAGENCat\# 79254**Critical Commercial Assays**cAMP Parameter Assay KitR&D SystemsCat\# KGE002BRNeasy MINI kitQIAGENCat\# 74104Amersham ECL Prime Western Blotting Detection ReagentGE-HealthcareCat\# RPN2232Amersham ECL Western Blotting Detection KitGE-HealthcareCat\# RPN2108**Experimental Models: Organisms/Strains***D. melanogaster*: Oregon-RBloomington *Drosophila* Stock CenterCat\# 5; RRID:BDSC_5*D. melanogaster*: *w^∗^; P{w*^*+mW.hs*^*= GawB}dpr1*^*PGaw*^*, P{w*^*+∗*^*= UAS-GFP.U}2/CyO*Bloomington *Drosophila* Stock CenterCat\# 25083; RRID:BDSC_25083*D. melanogaster*: *w*^*1118*^*; P{w*^*+mC*^*= UAS-mito-HA-GFP.AP}2/CyO*Bloomington *Drosophila* Stock CenterBDSC Cat\# 8442; RRID:BDSC_8442*D. melanogaster*: *w*^*1118*^*; P{w*^*+mC*^*= UAS-mito-HA-GFP.AP}3, e*^*1*^Bloomington *Drosophila* Stock CenterBDSC Cat\# 8443; RRID:BDSC_8443*D. melanogaster*: *P{w*^*+m∗*^*= Appl-GAL4.G1a}1, y*^*1*^*w^∗^*Bloomington *Drosophila* Stock CenterBDSC Cat\# 32040; RRID:BDSC_32040*D. melanogaster*: *P{w*^*+mC*^*= UAS-preproANF-EMD}136.3, y*^*1*^*w^∗^*Bloomington *Drosophila* Stock CenterBDSC Cat\# 7001; RRID:BDSC_7001*D. melanogaster*, RNAi of *luciferase*: *y*^*1*^*v*^*1*^*; P{y*^*+t7.7*^*v*^*+t1.8*^*= TRiP.JF01355}attP2*Bloomington *Drosophila* Stock CenterBDSC Cat\# 31603; RRID:BDSC_31603*D. melanogaster*, RNAi of *dunce*: *y*^*1*^*v*^*1*^*; P{y*^*+t7.7*^*v*^*+t1.8*^*= TRiP.JF02561}attP2*Bloomington *Drosophila* Stock CenterBDSC Cat\# 27250; RRID:BDSC_27250*D. melanogaster*, RNAi of *Pka-C1*: *y*^*1*^*v*^*1*^*; P{y*^*+t7.7*^*v*^*+t1.8*^*= TRiP.JF01218}attP2*Bloomington *Drosophila* Stock CenterBDSC Cat\# 31277; RRID:BDSC_31277*D. melanogaster*, RNAi of *Pka-C1*: *y*^*1*^*v*^*1*^*; P{y*^*+t7.7*^*v*^*+t1.8*^*= TRiP.JF01188}attP2*Bloomington *Drosophila* Stock CenterBDSC Cat\# 31599; RRID:BDSC_31599*D. melanogaster*: *hs-PKA^∗^*Harvard Medical School \[[@bib47]\]Produced and characterized by James Walker*D. melanogaster*: *P\[Khc*^*+*^*\]* 'PK9a'UC Santa Cruz \[[@bib48]\]Produced and characterized by Bill Saxton*D. melanogaster*: *gstD-GFP*University of Rochester Medical Center \[[@bib49]\]Produced and characterized by Dirk Bohmann*D. melanogaster*: *hs-dCREB2-b*University of Wisconsin-Madison \[[@bib50]\]Produced and characterized by Jerry Yin**Oligonucleotides**See [Table S2](#mmc1){ref-type="supplementary-material"} for the primers used for the amplification of target mRNAs by ddPCR.This studyN/A**Software and Algorithms**ImageJNational Institute of Health, USA<https://imagej.nih.gov/ij/index.html>NIS-ElementsNikon<https://www.nikoninstruments.com/en_GB/Products/Software>QuantasoftBio-Rad<http://www.bio-rad.com/en-us/product/qx200-droplet-digital-pcr-system>ExcelMicrosoft<https://products.office.com/en-gb/excel>PrismGraphPad<https://www.graphpad.com/scientific-software/prism/>**Other**Halocarbon oil (10S)VWRCat\# 24627.188Glass microfiber filter papersGE-HealthcareCat\# 1822-021X-ray filmsGE-HealthcareCat\# 28906837DG8 cartridgeBio-RadCat\# 1864008Immobilon-P PVDF Transfer MembraneMerck-MilliporeCat\# IPVH00010

Contact for Reagent and Resource Sharing {#sec2.2}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by Alessio Vagnoni (<alessio.vagnoni@kcl.ac.uk>)

Experimental Model and Subject Details {#sec2.3}
--------------------------------------

### *Drosophila* strains and husbandry {#sec2.3.1}

The wild-type strain was Oregon-R. Strains containing the following transgenes were obtained from the Bloomington *Drosophila* Stock Center (Indiana University, USA): *dpr-Gal4* (\[[@bib8], [@bib51]\]; BL\#25083), *UAS-mito::GFP* (\[[@bib24]\]; BL\#8442 or BL\#8443); *appl-Gal4* (\[[@bib52]\]; BL\#32040); *UAS-preproANF::EMD* \[[@bib53]\]; BL\#7001); *UAS-luciferase-RNAi* (BL\#31603); *UAS-dunce-RNAi* (\[[@bib54]\]; BL\#27250); *UAS-Pka-C1-RNAi* (BL\#31277 - RNAi1; BL\#31599 - RNAi2). The RNAi lines were generated by the Transgenic RNAi Project (TRiP) at Harvard Medical School, USA. *hs-PKA^∗^* flies \[[@bib47]\] were provided by James Walker (Harvard University, USA). *P\[Khc*^*+*^*\]* flies ('PK9a' stock \[[@bib48]\]) were provided by Isabel Palacios (University of Cambridge, UK). The *gstD-GFP* reporter line \[[@bib49]\] was provided by Sean Sweeney (University of York, UK). The *hs-dCREB2-b* flies \[[@bib50]\] were provided by Mani Ramaswami (Trinity College Dublin, Ireland). Each transgene was present in one copy in the experimental genotypes. Within an experimental series, cohorts of flies were cultured using the same fly food. Flies were transferred to new food twice a week. Flies were cultured at 25°C unless stated otherwise using a 12-h-light--12-h-dark cycle. For experiments involving heat-shock, fly cultures were reared at 18°C throughout development and shifted to 30°C typically within 12 h of eclosion (for imaging young flies) or after 28 or 30 d (for 4-d or 24-h heat shock of aged flies, respectively).

Method Details {#sec2.4}
--------------

### Axonal transport assays {#sec2.4.1}

We recently published an in-depth protocol for the visualization and analysis of cargo transport in the wing nerve \[[@bib9]\]. Briefly, flies that had been anaesthetised with CO~2~ were immobilised, with wings outstretched, on a cover glass with a fine layer of Halocarbon oil (VWR). A second coverglass was then added on top of the fly to stabilize the sample. Wing nerves were imaged by spinning disk microscopy. Two spinning disk systems were used during the study, with the same system used for an entire experimental series: (1) PerkinElmer Ultraview ERS with a CSU21 scanning head (Yokogawa) and an inverted microscope stand (IX71 (Olympus)) equipped with a 60x PlanApo oil-immersion objective (1.4 NA) and a CCD camera (Orca ER (Hamamatsu)); (2) Nikon spinning disk system with a CSU-X1 scanning head (Yokogawa) and an inverted microscope stand (Eclipse Ti-E (Nikon)) equipped with a 60 x CFI Apo oil-immersion objective (1.4 NA) and an EM-CCD camera (Du 897 iXon Ultra (Andor)). Frame rates were 0.5/s and 1/s for mitochondria and DCVs, respectively. Image series were captured for 3 min. Tracking of mitochondria was performed manually (MTrackJ) on the raw movies by marking the start and end of each run. Tracking was performed blind to the experimental condition or genotype using the Randomizer macro (Tiago Ferreira, McGill University) in ImageJ. In cases where the sample shifted during filming, correction with the StackReg plugin of ImageJ or the Alignment function of the NIS-Element software (Nikon) was performed before tracking. Movies with excessive focus drift were not quantified. The 'Advance Denoising' filter of the NIS-Elements software (Nikon) was applied to the time-lapse stacks before assembling the supplemental movies for display. We previously found no sex-related differences in mitochondrial transport \[[@bib5]\]. Nonetheless, the same number of males and females were used in control and experimental conditions when analyzing mitochondrial transport. Only females were used for analysis of DCV movement as both the *appl-Gal4* and *UAS-ANF::EMD* transgenes are present on the X chromosome.

### 8-Br-cAMP feeding {#sec2.4.2}

For acute drug feeding prior to imaging, flies were treated essentially as described \[[@bib55]\]. Newly eclosed flies or flies 28 d after eclosion were starved by removal from food for ∼2 h at 25°C and placed on Whatman glass microfiber filter papers (GF/C grade, GE-Healthcare) soaked with 400 μL of a solution containing 10% sucrose alone (vehicle) or 10% sucrose and 100 μM 8-Br-cAMP (Santa Cruz Biotechnology). Filters were changed daily for 4 d before recording axonal transport in wing neurons. At the time of imaging, the age of the flies was 4 d after eclosion (young flies) and 32 d after eclosion (aged flies). For prolonged drug feeding, 8-Br-cAMP was added to standard fly food to a final concentration of 100 μM. Standard fly food was used in the vehicle control. Flies were transferred into fresh food (±8-Br-cAMP) twice a week until imaging.

### Immunoblotting and protein staining {#sec2.4.3}

Protein extracts from wings and heads were prepared following a protocol adapted from Vagnoni et al., 2016 \[[@bib5]\]. Wings and heads were collected by cutting at the wing root close to the thorax of the animal or at the base of the head, respectively, with fine spring scissors. Typically, 100 wings or 20 heads were collected in a 1.5 mL Eppendorf tube kept on dry ice. Tissues were collected by brief centrifugation at 16,100 x *g* and ground on ice with a plastic hand-held pestle before adding 300 μL (for heads) or 200 μL (for wings) of lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA, 1x PhosSTOP Phosphatase Inhibitor (Roche) and 1x cOmplete Protease Inhibitor (Roche)). After addition of Triton X-100 to a final concentration of 1%, the samples were further homogenized by multiple passages through a 23G syringe needle. Lysates were spun at 16,100 x *g* for 30 min at 4°C. 40 mM DTT was added to the collected supernatant, mixed with LDS sample buffer (Novex-Life Technologies) and boiled for 10 min at 90°C before electrophoresis. After gel electrophoresis and protein transfer, membranes were incubated with the following primary antibodies: rabbit anti-Kinesin-1 heavy chain (AKIN01, Cytoskeleton Inc., diluted 1:1000), mouse anti-Complex-Vα (MitoSciences-Life Technologies, clone 15H4C4, diluted 1:5000 for wings and 1:10,000 for heads), mouse anti-PKAc (Santa Cruz Biotechnology, clone A2, diluted 1:1000) or rabbit anti-*Drosophila* PKAc (DC0) (\[[@bib46]\]; diluted 1:1000 (a gift from Daniel Kalderon (Columbia University, USA)). After washing with PBS containing 0.1% Tween, HRP-conjugated secondary antibodies and chemiluminescent substrate (ECL or ECL Prime detection systems (GE-Healthcare)) were used to reveal the protein-derived signal on X-ray films (GE-Healthcare). Typically, between 2% and 10% of total lysate sample was loaded per gel lane. Background corrected band intensities were quantified using the Gel Analyzer tool in ImageJ. Signals from the target protein were normalized to the mean signal for the control sample or young fly sample on the same film. For the data in [Figures 3](#fig3){ref-type="fig"}B, 3D, and [4](#fig4){ref-type="fig"}A, signals from the target protein were additionally normalized for the Complex Vα signal for the same sample. For staining with SYPRO Ruby (Lonza), gels were fixed in 50% methanol/7% acetic acid for 1 h following electrophoresis. Overnight incubation in SYPRO Ruby gel stain was followed by washing in 10% methanol/7% acetic acid for 40 min before imaging with a ChemiDoc MP imaging system (Bio-Rad).

### Assessment of cAMP levels {#sec2.4.4}

cAMP abundance in *Drosophila* wings was assayed with the cAMP Parameter Assay Kit (R&D Systems). 100 wings were homogenized in 600 μL of Cell Lysis Buffer from the kit and the lysate centrifuged twice at 600 x *g* for 5 min at 4°C to remove cellular debris. After collecting the supernatant, the assay was carried out immediately according to the manufacturer's instructions. The absorbance was measured at 450 nm with a PHERAstar FS microplate reader (BMG Labtech) with correction wavelength set at 570 nm. The final cAMP concentration per mL of extract was calculated by interpolating the absorbance values on a cAMP standard curve.

### RT-ddPCR {#sec2.4.5}

Wings were collected as described above. RNA was isolated with a RNeasy MINI kit (QIAGEN) from 140 wings per condition, and DNase treatment performed 'on-column' with RNase-free DNase Set (QIAGEN) according to the manufacturer's instruction. RT reactions were carried out at 42°C for 80 min with Oligo(dT)~20~ and the iScript Select cDNA synthesis kit (Bio-Rad). 10 ng purified RNA was added to each reaction. Prior to ddPCR, end-point PCR was used to check the quality of the RT reactions and verify the presence of the mRNA of interest. ddPCR was performed with the QX200 Droplet Digital PCR System (Bio-Rad), following the manufacturer's instructions. 1 μL of RT reaction was mixed with the EvaGreen Supermix (Bio-Rad) and forward and reverse primers ([Table S2](#mmc1){ref-type="supplementary-material"}) in a final volume of 20 μl. The reaction mix was loaded into a DG8 cartridge (Bio-Rad) and 70 μL of Droplet Generator Oil (Bio-Rad) was added before droplet production in the QX200 Droplet Generator (Bio-Rad). 40 μL of droplets was then used for each ddPCR replicate with the cycling conditions recommended by the manufacturer, except the annealing/extension temperature was set at 59°C. The ddPCR output was read in a QX200 Droplet Reader (Bio-Rad) and the results visualized with QuantaSoft software (Bio-Rad). For each reaction, data from \> 15,000 droplets were analyzed, and partitioned into two clearly distinguishable populations of positive droplets (where target amplification took place) and negative droplets (no target amplification).

### Oxidative stress and focal protein accumulation assays {#sec2.4.6}

Flies containing the *gstD-GFP* transgene were mounted in an imaging chamber for spinning disk confocal microscopy, as described above. Z stacks of neuronal areas were acquired in multiple positions along the wing nerve. The different genotypes within a single experiment were imaged with the same laser power and camera gain on the same day. Reporter fluorescent intensity was measured from cell bodies using Z-projections of 5 focal planes. The average pixel fluorescence intensity of each region of interest was then calculated in ImageJ after subtraction of the background fluorescence signals from each image. The 'Smooth' filter of ImageJ was applied to images for presentation purposes. Flies overexpressing the *UAS-GFP* transgene present in the *dpr-GAL4* stock were used to quantify the amount of wing nerve affected by focal protein accumulation in the fifth week after eclosion, as described previously \[[@bib5]\]. Briefly, the wing nerve was divided into 8 equal segments, with a segment scored as positive if at least one focal accumulation of GFP was present.

Quantification and Statistical Analysis {#sec2.5}
---------------------------------------

Statistical analysis and data plotting was performed using Excel (Microsoft) and Prism (GraphPad). Details of the quantification methods for the different experiments are provided under each heading in the [Method Details](#sec2.4){ref-type="sec"} section. Details of statistical evaluations are provided in the figure legends, and the numbers of samples indicated in the figures. Non-parametric tests were used when the sample size was ≤ 10. Multiple comparison corrections were applied when more than two groups were compared.
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Document S1. Figures S1--S3 and Tables S1 and S2Movie S1. Effect of *dnc* RNAi on Mitochondrial Motility in Wing Neurons of Aged Flies, Related to Figure 1Composite of representative time-lapse movies of mitochondrial dynamics at 30 days after eclosion in axons of *dpr*^*+*^ neurons following expression of *luciferase* (top) or *dunce* (bottom) RNAi constructs. Genotypes: *dpr-Gal4, UAS-mito::GFP, UAS-luciferase RNAi* (top) and *dpr-Gal4, UAS-mito::GFP, UAS-dunce RNAi* (bottom). Width: 40 μm. The movie represents 116 s of real time. The cell body is to the left (retrograde direction) and the thorax is to the right (anterograde direction) in this and the other movies.Movie S2. Effect of Feeding with 8-Br-cAMP on Mitochondrial Motility in Wing Neurons of Aged Flies, Related to Figure 1Composite of representative time-lapse movies of mitochondrial dynamics in axons of *dpr*^*+*^ neurons of 32-day-old flies previously fed with vehicle (top) or 8-Br-cAMP (bottom) for 4 days. Genotype: *dpr-Gal4, UAS-mito::GFP*. Width: 40 μm. The movie represents 180 s of real time.Movie S3. Effect of PKA∗ Expression on Mitochondrial Motility in Wing Neurons of Aged Flies, Related to Figure 2Composite of representative time-lapse movies of mitochondrial dynamics in axons of *appl*^*+*^ neurons in control (top) or *hs-PKA^∗^* (bottom) 32-day-old flies. Both genotypes were heat shocked for the preceding 4 days. Genotypes: *appl-Gal4, UAS-mito::GFP* (top) and *appl-Gal4, UAS-mito::GFP, hs-PKA^∗^*. Width: 35 μm. The movie represents 170 s of real time.Movie S4. Effect of Khc Overexpression on Mitochondrial Motility in Wing Neurons of Aged Flies, Related to Figure 4Composite of representative time-lapse movies of mitochondrial dynamics in axons of *dpr*^*+*^ neurons in control (top) or *P\[Khc*^*+*^*\]* (bottom) 30-day-old flies. Genotype: *dpr-Gal4, UAS-mito::GFP* (top) and *dpr-Gal4, UAS-mito::GFP, P\[Khc*^*+*^*\]* (bottom). Width: 45 μm. The movie represents 180 s of real time.Document S2. Article plus Supplemental Information
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